ABSTRACT: Since the food matrix determines β-carotene availability for intestinal absorption, food matrix effects on the bioaccessibility of β-carotene from two diets were investigated in vitro and compared with in vivo data. The "mixed diet" consisted of β-carotene-rich vegetables, and the "oil diet" contained β-carotene-low vegetables with supplemental β-carotene. The application of extrinsically labeled β-carotene was also investigated. The bioaccessibility of β-carotene was 28 μg/100 μg β-carotene from the mixed diet and 53 μg/100 μg β-carotene from the oil diet. This ratio of 1.9:1 was consistent with in vivo data, where the apparent absorption was 1.9-fold higher in the oil diet than in the mixed diet. The labeled β-carotene was not equally distributed over time. In conclusion, the food matrix effects on bioaccessibility of β-carotene could be measured using an in vitro model and were consistent with in vivo data. The application of extrinsically labeled β-carotene was not confirmed.
■ INTRODUCTION
The absorption of β-carotene by humans comprises two steps. 1, 2 The first step involves the disruption of the food matrix and the solubilization of β-carotene within micelles (micellarization). This step determines the availability of β-carotene for absorption (bioaccessibility). The second step covers the entry into the intestinal cells, partial conversion into vitamin A (retinol), and entry into lymph and finally into the blood. The first step (bioaccessibility) can be studied in vitro, since micelles are readily absorbed in vivo. True absorption is determined by the first step and entry into the intestinal cells. This could be calculated from classical labor-intensive in vivo studies by using data from dietary intake and collected stools. The combined first and second steps can only be studied in vivo, by analyzing blood samples.
Thus, there is a need for a simple, quick, and realistic in vitro model to measure the food matrix effects on β-carotene absorption. The food matrix is an important determinant of the bioaccessibility of β-carotene. Factors such as food processing and the amount and type of vegetable and fruit cause food matrix effects. 3, 4 The computer-controlled dynamic in vitro TNO gastroIntestinal tract Model (TIM-1) 5 was selected for quantifying the bioaccessibility of β-carotene from different food matrices in this study. Compared to alternative in vitro models, TIM-1 mimics the dynamic conditions in the human gastrointestinal tract with high reproducibility, especially for fat-soluble compounds, and facilitates the study of bioaccessibility of food components in a controlled and standardized manner. 6−8 TIM-1 has been validated for the digestion and bioaccessibility of various nutrients in comparison with in vivo studies. This include the bioaccessibility of, e.g., fats, 8, 9 water-soluble vitamins, 10, 11 and fat-soluble vitamins. 12, 13 In this study, the food matrix effects on the bioaccessibility of β-carotene from two types of diets were investigated by using TIM-1 and then compared with the results with those of an in vivo study. The diets consisted of a "mixed diet" containing β-carotene-rich vegetables and an "oil diet" containing β-carotene-low vegetables with supplemental β-carotene. In an in vivo study using these diets, the apparent absorption of β-carotene was 1.9-fold higher in the oil diet than in the mixed diet.
14 This in vitro study provided an opportunity to evaluate how effectively extrinsically labeled β-carotene could be used as a tracer for measurement of absorption during in vivo studies. Ideally, the extrinsic label (administered by a capsule) should mix and equilibrate with the intrinsic β-carotene. This means that the isotopic enrichment of β-carotene should become homogeneous within the feeding sample and be equal to that observed in the bioaccessible fractions in TIM-1.
■ MATERIALS AND METHODS
Dynamic in Vitro Gastrointestinal Model. TIM-1, a dynamic in vitro gastrointestinal model, was originally described by Minekus et al. 5, 6 For a schematic diagram of TIM-1, see Verwei et al. 15 This gastric small-intestinal model comprises four connected compartments that represent the stomach, duodenum, jejunum, and ileum, respectively. Each compartment consists of a glass outer wall with a flexible inner wall. The flexible wall is surrounded by water at 37°C, which is used to squeeze the flexible walls and mix the chyme, simulating peristaltic movements in the gastrointestinal tract. The jejunal and ileal compartments are connected with semipermeable hollow-fiber membranes to remove digested products and especially fat-soluble compounds that were incorporated into mixed micelles. 6−8 The pH values, as well as the gastric emptying and small-intestinal passage of the food, are computer-controlled according to preset curves based on information on human in vivo conditions. 6 TIM-1 Experimental Design. Two diets that had already been tested in vivo 14 were each evaluated using TIM-1. The difference between the two diets was the food matrix where the β-carotene was incorporated, with one diet containing vegetables high in β-carotene (mixed diet) and the second diet containing vegetables low in β-carotene but supplemented with β-carotene in salad dressing oil (oil diet). The frozen diets were defrosted at 4°C for ∼16 h before the experiment and were homogenized to mimic the process of chewing by human teeth, to increase experimental consistency and to minimize mixing errors as only a limited amount could be introduced in the gastric compartment. A portion of the diet was put into the gastric compartment of TIM-1. During digestion, the total filtrate (bioaccessible fraction) was collected in 30-min fractions during the first 2 h and hourly fractions until the end of the experiment at 6 h. The total ileal efflux was collected hourly during the 6 h experiment. At the end of the experiment, the residues from the gastric, jejunal, and ileal compartments were collected. The ileal efflux and residues were analyzed to determine the non-bioaccessible fraction. Possibly present β-carotene content in the bile and pancreatic solutions was also analyzed. The samples were stored at −20°C until β-carotene analysis by HPLC.
Feeding Sample. The feeding sample consisted of 120.0 g of the homogenized diet and was introduced into the gastric compartment together with 50.0 g of gastric juice, 5 g of amylase, and 37 g of water. 6, 8 The 120.0 g of the mixed diet contained 498 μg of β-carotene (90% as trans-β-carotene), and 120.0 g of the oil diet contained 220 μg of β-carotene (98% as trans-β-carotene) ( Table 1) . A capsule containing 47.0 μg of [ 13 C 10 ]β-carotene was introduced into TIM-1 immediately after putting the feeding sample in the gastric compartment. The β-carotene in the oil diet originated from supplemental β-carotene (85%) and from vegetables and fruits (15%). The supplemental β-carotene in the oil suspension was added to salad dressing for the oil diet (all-trans β-carotene, 30% suspension in vegetable oil, Hoffmann-La Roche, Switzerland). Both diets were typical Western diets with respect to the contribution of carbohydrates, proteins, and fats to the energy intake (57%, 13%, and 30%, respectively). Both diets were prepared as duplicate diets during a previously conducted dietcontrolled study in humans.
14 Each of the duplicate diets was pooled, homogenized, mixed thoroughly with 2.5 mL of 20% butylhydroquinone (t-BHQ) per kilogram of food, and stored at −20°C until analysis.
Chemical Analysis of β-Carotene in the Feeding Sample. Samples of each homogenized diet (4.0 g each) were extracted in duplicate using a mixture of methanol, tetrahydrofuran (THF), and dichloromethane (45:45:10 v/v/ v). The resulting extract was saponified at room temperature overnight using a 1.5 mol/L potassium hydroxide ethanolic solution supplemented with sodium ascorbate, disodium sulfide, and glycerol. Then the mixture was extracted using diisopropyl ether, which was subsequently washed three times with water. Part of the resulting extract was evaporated to dryness and redissolved in HPLC mobile phase. The resulting solution was analyzed for β-carotene using reversed-phase HPLC with diode array detection. 16, 17 These analyses were performed for quality control at two laboratories (Food Analysis Laboratory at TNO, Zeist and at Human Nutrition, Wageningen University). Results from both analyses were similar.
Chemical Analysis of β-Carotene in Jejunal and Ileal Filtrates. Samples of 1000 μL each were vortex mixed with an equal volume of ethanol containing tocol as an internal standard (IS). This mixture was extracted with a 2-fold volume of hexane using vortex mixing for 2 min. Part of the resulting extract was evaporated to dryness and redissolved in eluent. The resulting solution was analyzed for β-carotene and IS using reversed-phase HPLC-diode array detection. 16 The limit of precision of the known value of IS was 5%. These analyses were performed at the Food Analysis Laboratory at TNO, Zeist.
Chemical Analysis of β-Carotene in Ileal Efflux and Residues. The ileal efflux and residues had more complex and less dissoluble matrices than the filtrates and consisted of supernatants and pellets. The concentrations of carotenoids in the ileal efflux and residues were measured at the division of Human Nutrition, Wageningen University. The supernatants of both ileal efflux and residues were treated according to the procedure described by Khan et al. 17 Briefly, the pellets of both ileal efflux and residues were extracted in duplicate in the presence of anhydrous sodium sulfate (4.0 g) and calcium a Values of energy and carbohydrates were calculated. The mixed diet contained vegetables high in β-carotene, and the oil diet contained vegetables low in β-carotene supplemented with synthetic β-carotene in salad dressing oil. For the in vitro study, the feeding sample consisted of 120.0 g of the homogenized diet. carbonate (0.5 g), with 20 mL of THF containing 0.01% t-BHT after using a tissue grinder. The extract was filtered through a glass funnel fitted with Whatman paper no. 54. The residue was twice re-extracted with 20 mL of THF. The extract was evaporated to dryness, redissolved in methanol/THF (1:1 v/v %) containing 0.01% t-BHT, transferred into a 25.0 mL volumetric flask, and made up to volume. An amount of 25 μL was injected into the HPLC system for analysis. Within-run and between-run coefficients of variation for β-carotene were 2.6% and 7.1%, respectively. Labeled β-Carotene in the Capsule and Measurement of Isotopic Enrichment in Filtrates. The concentration of β-carotene in the capsules was analyzed by HPLC with absorbance detection according to the method described by Khan et al. 17 The capsule contained 47.0 (±0.8) μg [12, 13, 14, 15, 20 ,12′,13′,14′,15′,20′- 13 C 10 ]-β-carotene in sunflower oil (>82% oleic acid and >9% linoleic acid; Hozol; Contined BV, Bennekom, The Netherlands). The 13 C 10 -labeled β-carotene was synthesized at ARC Laboratories (Apeldoorn, The Netherlands) as described previously 18 (isotopic incorporation >99%, isomeric purity >93% all-trans, chemical purity >98%). The capsules were designed for oil solutions and were made from bovine gelatin (Capsugel, Bornem, Belgium).
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The first experiment of each diet was analyzed for isotopic enrichment in the filtrates. The degree of isotopic enrichment of β-carotene with [ 13 C 10 ]β-carotene in filtrates was measured by using liquid chromatography-atmospheric pressure chemical ionization-mass spectrometry (APCI LC−MS) as described previously.
19,20 β-Carotene and [ 13 C 10 ]β-carotene were monitored in negative ion mode at mass-to-charge ratios (m/z) 536 and 546, respectively. 20 Isotopic enrichment of β-carotene in the filtrates was the proportion of labeled β-carotene to total β-carotene. These analyses were performed at the University of Illinois.
Calculations. The β-carotene bioaccessibility, the amount of bioaccessible β-carotene in μg per 100 μg of β-carotene available for digestion, was expressed as a fraction of β-carotene feeding and was calculated by the formula
carotene 100
filtrates feeding endogenous where β-carotene filtrates is the total β-carotene in the jejunal and ileal filtrate, β-carotene feeding is the β-carotene in the feeding sample and comprises the β-carotene in 120.0 g of the diet and a capsule with 47 μg of labeled β-carotene, and β-carotene endogenous is the β-carotene content in the bile and pancreatic solutions secreted into the duodenal compartment. The recovery (%) (mass balance) of β-carotene was calculated by the formula where β-carotene ileal efflux is the β-carotene content in the total material delivered from the ileal compartment, and β-carotene residues is the total β-carotene in the residues of stomach, duodenum, and ileum. The proportion of isotopic enrichment (IE) of β-carotene with [ 13 C 10 ]β-carotene was calculated by IE in filtrates divided by IE in feeding sample and multiplied by 100.
■ RESULTS
The endogenous β-carotene content of the bile and pancreatic juice used in TIM-1 was below the detection limit in all runs. There were no other sources of β-carotene than the feeding samples. The results with the mixed diet are based on triplicate experiments. The results with the oil diet are based on duplicate experiments since one experiment failed due to a defective hollow-fiber membrane unit. Because of the high recovery in both oil diet runs and similar bioaccessibilities, these duplicate runs were regarded as representative.
The bioaccessibility of β-carotene, determined by collection of all the filtrates, was 28.2 μg/100 μg β-carotene from the mixed diet and 53.4 μg/100 μg β-carotene from the oil diet (Table 2 and Figure 1 ). The recovery of β-carotene was 92% and 105% in the two runs with the oil diet and 88%, 94%, and 104% in the three runs with the mixed diet ( Table 2) . a The mixed diet contained vegetables high in β-carotene, and the oil diet contained vegetables low in β-carotene supplemented with synthetic β-carotene in salad dressing oil. nd = not detected. b The β-carotene bioaccessibility is the amount bioaccessible β-carotene in μg per 100 μg of β-carotene available for digestion and is calculated as (μg β-carotene in filtrates)/(μg β-carotene from feeding + endogenous) × 100.
c Recovery (%) = (β-carotene in filtrates + ileal efflux + residues)/ (β-carotene from feeding + endogenous) × 100. Figure 1 . Cumulative β-carotene in filtrates expressed as a percentage of feeding to time after the runs (n = 3) with the mixed diet (A) and with the oil diet (B) after the runs (n = 2) in TIM-1 during 6 h. The isotopic enrichments of β-carotene in the feeding sample compared with the isotopic enrichment of β-carotene in the filtrates varied over time from 85% to 122% in the jejunal filtrates and from 79% to 139% in the ileal filtrates (Table 3 ).
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Averaged over 6 h, the isotopic enrichment of β-carotene in the filtrate for the oil diet was closer to the theoretical value of 100% than for the mixed diet (99% v 113%). This difference in isotopic enrichment was expected because the oil diet with supplemental β-carotene was more comparable with the matrix of labeled β-carotene in the feeding sample than was the β-carotene in vegetables in the mixed diet. In the TIM-1 run with the mixed diet, the isotopic enrichment in the jejunal filtrate was lower than in the ileal filtrate, which indicates that micellarization of labeled β-carotene in the jejunal compartment lagged behind that in the ileal compartment. In contrast, the opposite was seen in the TIM-1 run with the oil diet, where micellarization of labeled β-carotene was faster in the jejunal compartment than in the ileal compartment. The isotopic enrichment increased over time in both jejunal and ileal filtrates, which means that the labeled β-carotene was not equally distributed over time in the bioaccessible fractions. Labeled β-carotene either did not fully equilibrate with the β-carotene in the food matrix or else followed a different micellarization pattern.
■ DISCUSSION
This in vitro gastrointestinal model appears useful for determination of the effects of food matrices on the bioaccessibility of β-carotene from foods, especially when fatsoluble nutrients compete for uptake in mixed micelles.
Comparing the Bioaccessibilities of β-Carotene from Both Diets. The mixed diet represented a healthy diet with high amounts of cooked vegetables and fruits. The oil diet was representative of a diet low in vegetables and fruits but high in food items fortified with β-carotene, such as those regularly consumed in industrialized societies (e.g., margarine). The oil diet and the mixed diet contained β-carotene in the physiological dose range and were designed according to the guidelines of 'good nutrition' from the Dutch Nutrition Board in The Hague, The Netherlands. Both diets were typical western diets with respect to the contribution of carbohydrates, proteins, and fats to the energy intake (57%, 13%, and 30%, respectively). The β-carotene amount in the oil diet was not the same as in the mixed diet; however, this was also the situation in the in vivo study. 14 The absorption efficiency of β-carotene is regarded constant as long as the β-carotene consumption is within physiological ranges. 1, 2, 21 Furthermore, the mixed diet contained a higher amount of β-carotene than the oil diet but had a lower amount bioaccessible β-carotene compared to the oil diet; in contrast, the oil diet contained a lower amount of β-carotene than the mixed diet but had a higher amount bioaccessible β-carotene compared to the mixed diet.
Bioaccessibility of β-carotene was 28 μg/100 μg β-carotene (or 28%) from the mixed diet and 53 μg/100 μg β-carotene (or 53%) from the oil diet. So, the bioaccessibility of labeled and dietary β-carotene from the oil diet was 1.9-fold higher than from the mixed diet. This 1.9-fold enhancement in apparent absorption between two diets was also found in the in vivo study. 14 Although in absolute terms results of β-carotene bioaccessibility using TIM-1 are not strictly comparable with in vivo experiments, the differences in β-carotene bioaccessibilities between food matrices are still comparable with absorption estimates in humans. Thus, TIM-1 cannot be used for predicting absorption in vivo, but the system is a useful tool for measuring differences in bioaccessibility of β-carotene between various food matrices.
Comparing the Bioaccessibilities of β-Carotene Measured Using Other Models. Bioaccessibility of β-carotene from various meals, fruits, and vegetables have been reported using other in vitro digestion models. Garrett et al. 22 developed an in vitro digestion model based on the method of Miller et al., 23 which simulates human gastric and pancreatic digestion as static duo-compartments. Our result of 28% bioaccessibility of β-carotene from the mixed diet is slightly higher than the reported bioaccessibility of β-carotene from meals. For example, the micellarization of β-carotene was 12− 18% from a baby food meal of carrots, spinach, and chicken, 22 16% from a meal of mango and chicken, 24 16% from stir-fried meal of spinach, carrots, and tomato paste, 25 and 18% from a salad meal of spinach, tomato, carrot, and lettuce. 26 Several other studies have used the same in vitro method for single fruits or vegetables. From orange and kiwi, the micellarization of β-carotene was 34% and 47%, respectively.
27
From mango, the micellarization of β-carotene was 25−39%; from mango with milk and sugar, 37−48%; from papaya, 31− 34%; and from papaya with milk and sugar, 41−44%. 28 The micellarization of β-carotene from carrot was 14% for carrot juice, 29 17% from processed carrots, 30 20% from raw carrots, 31 and 33% from stir-fried carrots. 31 From other vegetables, the micellarization of β-carotene was 17% from maize, 32 17% from boiled spinach, 29 30% from spinach puree, 33 30% from spinach, 27 29% from tomatoes, 34 30% from boiled cassava, 35, 36 45% from sweet potato, 27 54% from broccoli, 27 and 57% from courgette. 34 Our result of 28% is comparable to these as our study included a mix of different cooked vegetables and fruits.
Hedreń et al. 37 developed a similar static duo-compartmental in vitro model, which estimates the maximum amount of carotenoids released, but not necessarily micellarized. Using this other in vitro model, the percentages of accessible β-carotene in homogenized, raw carrots were 21% and 30% and from cooked carrots were 27% and 39%, without and with addition of oil, respectively. 37 Another study by Hedreń et al. 38 showed accessible β-carotene was 39% from sweet potato, 64% from pumpkin, and 47% from cassava, which were all cooked with sunflower oil. Three other studies with this method showed a bioaccessibility of β-carotene of 19% from boiled pumpkin, 39 74% from boiled carrot, 39 and when cooked with vegetable oil, 11−22% from various processed sweet potato, 40 21% from sweet potato, and 39% from pumpkin. 41 Our results of 28% and 53% are also comparable with the results from this in vitro method. a The measured β-carotene levels in jejunal filtrates were slightly higher than in ileal filtrates ( Table 2 ). Although these other models are temperature-and pHcontrolled, they are not representative of the continuously changing variables during passage through the stomach and the small intestine. For general prediction of micellarization of β-carotene, these models are adequate. However, TIM-1 allows for the closest simulation to date of in vivo dynamic physiological processes occurring within the lumen of the stomach, duodenum, jejunum, and ileum of humans. Furthermore, TIM-1 has as major advantage that the model allows for the collection of samples during the process of digestion without disturbing or temporarily stopping the experiment and thereby allows studying the digestion process in time.
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Extrinsic Labeled β-Carotene vs Time of Both Diets. When using any extrinsic labeling technique in absorption studies, the assumption must be made that the label fully mixes with the compound and equally distributes in the lumen of the small intestine. This means that in each time period of the digestion process, the isotopic enrichment of β-carotene in the filtrates should be the same as in the diet. However, during the 6 h of the TIM-1 experiment, the isotopic enrichments of β-carotene in the ileal filtrate in mixed diet runs increased and in oil diet runs decreased compared with the jejunal filtrate, which indicates discrimination for micellarization. This enrichment pattern can be explained by retarded equilibration in the mixed diet run, where the labeled β-carotene is bound and captured by the complex matrix and available later in time for digestion than in the oil diet. The isotopic enrichment of β-carotene with [ 13 C 10 ]β-carotene in filtrates was not constant over time. This implies that the labeled β-carotene behaved differently from the β-carotene incorporated into the matrices of vegetables and fruits high in β-carotene and behaved differently from the matrix of supplemental β-carotene in oil. The labeled β-carotene dissolved in oil was not equally distributed over time in the bioaccessible fractions, which means that during the experiment, it did not fully mix with dietary β-carotene. As suggested by the average filtrate over 6 h for the oil diet, which was 99%, the extrinsic labeling technique could be used to measure absorption in vivo if the matrix of the homogenized diet were comparable with the oily matrix of extrinsic labeled β-carotene. However, the different isotopic enrichments of β-carotene in the ileal filtrate and jejunal filtrate in the oil diet suggested different micellarization patterns for dietary β-carotene in oil and labeled β-carotene in oil. Additional experiments are required to confirm and explain this result, which may be influenced by dissolving of the capsule, and to investigate the reproducibility of the measured isotopic enrichments in these samples with very low amounts of labeled and unlabeled β-carotene.
The advantage of this TIM-1 dynamic model is that it can address mixing effects and partitioning effects of labeled fatsoluble compounds during the digestion process. Therefore, this in vitro model could provide significant value for checking assumptions in distribution of labeled compounds in in vivo labeling studies.
In summary, the food matrix effects on bioaccessibility of β-carotene could be measured using TIM-1 and were consistent with in vivo data. The labeled β-carotene either did not fully equilibrate with the β-carotene in the food matrix or else followed a different micellarization pattern. The application of extrinsically labeled β-carotene was not confirmed. 
